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Abstract 
We can observe the growing tendency of usage of recycled concrete aggregate (RCA). Changes in waste materials management 
rules will result in necessity of more common reutilization of materials from demolished concrete structures. Thus new fields of 
RCA application and new ways of its utilization in concrete manufacturing are still being looked for. 
Research presented in the paper has been conducted to examine two methods of improving poor gradation of natural aggregate 
(NA) using RCA. The NA that did not fulfill requirements of gradation had been chosen. It consisted of ca. 75% of 2-4 mm 
fraction. In the first method a part of NA was replaced with 2-16 fraction of RCA of low quality. In the second method also a 
part of NA was replaced this time with 4-8 mm and 8-16 mm fractions of good quality RCA. The amount of replacing fractions 
was precisely calculated in order to fit optimal gradation curve. Quality of the gradation was measured with so called gradation 
index. Mechanical properties of researched concretes was tested as well as some of their properties related to durability. It can 
be stated, on the basis of the results, that both methods improve most of the vital concrete properties. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Sustainable development is one of the leading civilizational ideas. This term means such a development that 
satisfies the present needs without a limiting the possibilities of fulfilling the needs in the future. Necessity of 
reducing the utilization of natural resources and energy, decreasing of greenhouse gases emission while increasing 
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the meeting of needs, applies to most areas of life and industry. The concrete industry alone uses 20 billion tons 
of aggregates, 1.5 billion tons of cement and 800 million tons of water. It produces 5-7% of world emission of CO2 
per year [1, 2, 3]. Volume of cement and concrete production probably will continue to increase. One of the 
possible methods of reducing of natural resources consumption is utilizing recycled concrete aggregate (RCA) in 
concrete manufacturing. EN-206:2013 standard allows, under some conditions, to substitute some of natural 
aggregate with RCA (it does not apply to fraction 0-4 mm which cannot be substituted). It should be expected that 
therefore RCA will be more and more widely used. Beside the simplest application, which is the substitution 
of natural aggregate with RCA, it is worth to look for some other ways of RCA utilization. Authors of this work 
tried to utilize the RCA to improve gradation of natural aggregate which did not fulfill requirements because 
of a too high share of 2-4 mm fraction (about 70 %). Influence of such technological operation on the consistency 
of concrete mixture has been tested as well as on some properties of hardened concrete. By splitting the RCA used 
into two fractions: 4-8 and 8-16 mm it was possible to precisely correct aggregate composition of natural aggregate 
to conform it to the target gradation curve. Gradation index (GI) has been defined for a quick and simple estimation 
of conformity between an experimental gradation curve and the target one.  
2. Materials and research 
2.1. Materials 
Portland cement CEM I 32.5 (in concretes of the I series) and CEM II B-V 32.5 (in concretes of the II series) 
from Ożarów Cement Plant as per PN-EN 197-1 has been used. Two different cements has been used to assess 
to what extent the obtained effects of improving properties of concrete are independent of the type of binder. Due 
to this assumption comparisons of properties of the concretes has been done within each series independently. As 
a fine natural aggregate river sand fraction 0-2 mm has been used with significant content of 2-4 mm fraction. 
Coarse natural aggregate (NA) contained too much of the 2-4 mm fractions and it did not fulfill requirements 
of PN-EN 12620. Therefore RCA has been used to improve the gradation curve of the coarse aggregate. RCA was 
obtained by crushing waste concrete in a laboratory jaw crusher. Gradation curves of coarse aggregate has been 
improved in two ways. In concretes of the I series RCA obtained from 25-years old pavement plates has been used. 
They were made of concrete of poor quality (compressive strength ca. 15-20 MPa). Fraction 0-4 mm has been 
removed and only fraction 4-16 mm has been utilized. RCA utilized in concretes of the II series has been obtained 
by crushing fine quality concretes of age exceeding 180 days. Their compressive strength varied between  
35-50 MPa. Two fractions of obtained RCA, 4-8 mm and 8-16 mm, has been used in varying proportions. They 
were calculated using the condition of increasing convergence of the two gradation curves: target (based on  
PN-88/B-06250) and experimental, obtained from calculations. Dividing utilized RCA into two fractions had 
enabled more precise conformation of target and experimental gradation curves. Proportions of the two fractions 
have varied according to the whole amount of RCA in the concrete mixture. The gradation curves of utilized 
aggregate obtained have been presented in the figure 1. The whole aggregate has been used at air-dry state. 
Superplasticizer Muraplast FK 88 (FM) manufactured by MC-Bauchemie has been applied. Regular tap water has 
been used as mixing water. 
 
 
Fig. 1. Gradation curves of natural aggregate and RCA for I and II series of concrete. 
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In the I series seven concretes have been made with the use of 350 kg/m3 of CEM I 32.5 cement. Assumed W/C 
ratio was 0.45. Plasticizer in amount of 2% of the binder mass has been added. In the II series four concretes with 
use of 350 kg/m3 of CEM II B-V 32.5 has been prepared. Assumed w/c ratio was 0.5. Mix proportions of all made 
concrete mixes have been presented in the table 1. One concrete from both series has been made without replacing 
the natural coarse aggregate with RCA. They served as a reference. In rest of concrete mixes part of the coarse NA 
has been replaced with RCA. In concretes of the I series it has been 5, 10, 20, 30, 50 and 100 % and for the 
concrete of the II series: 50, 75 and 100 % respectively. The gradation index (GI) has been used in order to 
evaluate quality of the aggregate. It was calculated using the formula 1. 
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where: 
GI - gradation index, 
gi,as - share of i fraction for assumed gradation curve [%], 
gi,ex - share of i fraction for experimental gradation curve [%]. 
 
Values of gi,as and gi,ex have been calculated for 8 sieves (from 0.125 mm to 16 mm). For concretes of the 
I series GI has been used to rate quality of the aggregate obtained after replacing part of NA with RCA. For the 
concretes of the II series GI has served as a tool for finding the best proportions of RCA of 4-8 and 8-16 fractions 
in aggregate to minimize the value of the index. In the table 2 values of gradation index for utilized aggregate 
mixtures have been presented along with the water absorption and crushing values. Specimens have been 
manufactured and cured in accordance to PN-EN 12390-2. The specimens have been casted in steel moulds and 
underwent double vibration on the vibration table. After 2 days they were demoulded and then the specimens have 
been water-cured in the laboratory for 28 days. The workability of concrete mixtures was measured in a flow table 
test in accordance with PN-EN 12350-5. 
                       Table 1. Proportions of concrete mixtures [kg/m3]. 
 CEM I CEM II water sand natural RCA LQ RCA RCA S-Plast 
mixture 32.5 B-V 32.5  0-2 2-16 2-16 4-8 8-16 FK-88 
CI-R00 350 0 158 575 1342 0 0 0 7 
CI-R05 350 0 158 575 1275 61 0 0 7 
CI-R10 350 0 158 575 1208 122 0 0 7 
CI-R20 350 0 158 575 1074 243 0 0 7 
CI-R30 350 0 158 575 939 365 0 0 7 
CI-R50 350 0 158 575 671 608 0 0 7 
CI-R100 350 0 158 575 0 1215 0 0 7 
CII-R00 0 350 175 561 1309 0 0 0 7 
CII-R50 0 350 175 561 655 0 102 491 7 
CII-R75 0 350 175 561 327 0 352 537 7 
CII-R100 0 350 175 561 0 0 593 593 7 
2.2. Compressive and tensile strength test 
The compressive strength test has been conducted on 150 mm cube specimens after 28 days of hardening. The 
test has been carried out in accordance with PN-EN 12390-3. The tensile splitting strength test has been conducted 
on the same type of specimens in accordance with PN-EN 12390-6. Both tests have been performed using the 
compression machine ToniTechnic ToniPACT II with 3000 kN capacity. The rate of load increase has been set up 
at 0.5 MPa/s for the compressive strength test and 0.05 MPa/s for the splitting test accordingly. 
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                         Table 2. Parameters of utilized aggregate mixes. 
I series of concrete CI-R00 CI-R05 CI-R10 CI-R20 CI-R30 CI-R50 CI-R100 
gradation index 1683.76 1439.25 1215.86 832.47 533.58 189.32 807.52 
water absorption 1.25% 1.73% 2.21% 3.17% 4.13% 6.06% 10.87% 
aggregate crushing value (ACV) 7.36% 9.72% 12.13% 15.79% 18.43% 21.99% 26.49% 
II series of concrete CII-R00 CII-R50 CII-R75 CII-R100    
gradation index 1683.76 117.88 59.40 308.82    
water absorption 1.25% 4.98% 6.85% 8.72%    
aggregate crushing value (ACV) 7.36% 16.36% 18.35% 19.58%    
2.3. Sorptivity test and free water absorption 
Sorptivity and free water absorption tests presented in this work has been conducted on the halves of cubic 
specimens of 150 mm edge. Sorptivity has been measured by means of the mass method. Prior to the test 
specimens had been dried up to the stable mass at the temperature of about 105 °C. Just before beginning of the 
sorptivity test dried specimens have been took out of the drier and left to cool down to the temperature 
of approximately 20 °C. Then the specimens have been weighed and put in a vessel with water. The specimens 
have been dipped up to the depth of 3 mm. After certain time intervals from the beginning of the test the specimens 
has been weighed again to determine their weight gain resulting from water sorption. Subsequent weight 
measurements have been conducted for 6 hours. Sorptivity S in g/(cm2h0.5) has been defined as a slope of the 
straight line expressing the dependence of the mass of water absorbed 'm to cross-section area of specimen F and 
to square root of time t0.5 according to formula 2 [4]. 
5.0tS
F
m  '         (2) 
Free water absorption has been calculated using the formula 3: 
d
ds
m
mmn          (3) 
where: 
n - free water absorption [%], 
ms - mass of a fully soaked specimen [g], 
md - mass of a specimen dried to stable mass [g]. 
Mass of a fully soaked specimen has been measured after 28-days curing in water. Mass of a specimen dried 
to stable mass has been the same value as the starting mass in sorptivity test. 
2.4. Water penetration test 
For the water penetration test 150 mm cube specimens have been used. The test has been performed 
in accordance to PN-EN 12390-8 after 90 days of hardening. The specimens had been water cured for 28 days and 
then stored in laboratory air-dry conditions for the rest of time before the test. Water has been applied on one 
surface of specimen under pressure of 0.5 MPa. The pressure has been maintained constant for 72 h. After that 
time water consumption has been measured and specimens have been splitted vertically to record the maximum 
depth of water penetration. 
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2.5. Chloride migration coefficient test 
The Nord Test Method (NT Build 492) has been used in order to determine the non-steady state chloride 
migration coefficients. The test has been conducted on 150 mm diameter and 50 mm thick cylindrical specimens, 
having 90 days of age sliced from cast cylinders. Specimens have been water cured for 28 days and then stored 
in laboratory conditions for the rest of time before the test. Then they have been placed in rubber sleeves that have 
worked as a reservoir of anolyte (0.3 M solution of NaOH) on the upper surface of the specimen. The bottom 
surface has been exposed to chloride ions from catholyte (10% solution of NaCl). An initial voltage of 30 V has 
been applied to the specimen and the current intensity has been recorded. According to the measured initial current 
intensity the target voltage has been applied as per the NT Build 492 standard. Specimens have been exposed 
to current flow for 24 hours. After that time they were splitted and the split surfaces have been sprayed with 0.1 M 
AgNO3 solution. Silver cations react with chloride anions present in concrete and form a visible precipitate 
of AgCl. The depth of chloride penetration into concrete specimen has been measured with a slide calliper in seven 
points of the sprayed surface. The results have been calculated using the formulas given in the NT-Build 492. 
2.6. Carbonation depth test 
Carbonation depth test has been performed on cuboid specimens (100x100x500 mm). Specimens after 28 days 
of water curing had been stored in laboratory in air-dry conditions until they have reached the age of 90 days. Then 
specimens have been placed in vertical position in an environmental chamber in temperature of 40°C and relative 
humidity equal to 60%. During the test 10% concentration of carbon dioxide CO2 has been maintained. After 7 
and 14 days of test a number of pieces, few centimeters thick, have been flacked off. Flacked surface has been 
sprayed with 1% phenolphthalein solution. Carbonation depth has been calculated as average of eight 
measurements conducted perpendicular to specimen surfaces 2 cm away from its edges. 
3. Research results 
Research results are presented in table 3. Each value in the table is an average of six measurements. Only results 
of flow for fresh concrete mixtures are an average of three measurements. 
3.1. Workability of concrete 
Influence of RCA addition on the consistency of concrete mixture has been observed for concretes of both 
series. It has been caused by significant water intake of aggregate mixtures containing RCA and has been 
particularly true for concrete mixtures with 100% aggregate replacement (CI-R100 and CII-R100). Flow value 
of these concrete mixtures has been 315 mm and 380 mm accordingly. Replacing up to 50% of NA with RCA, 
which has resulted in lower (i.e. better) value of GI, allowed to obtain similar flow values as for the concretes with 
NA alone without changing the amount of used water and plasticizer. The consistency has been the same or one 
class lower.  
3.2. Compressive strength of concrete 
In concretes of both series with addition of RCA and therefore with improved gradation of the aggregate, an 
increase of compressive strength has been observed. Initially the increase of compressive strength has been higher, 
the higher has been the percentage of RCA in the aggregate mixture. The maximum increase for concretes of the I 
series has reached 19.4% for concrete CI-R30. A share higher than 30% in the aggregate mixture has not caused a 
higher increase of the compressive strength of concrete. Although the increase of the strength in comparison to 
concrete without RCA is still distinctive. In the concretes of the II series the maximum increase has been obtained 
for concrete CII-R75 and reached 17.3%. Compressive strength of concretes with 100% RCA has been also higher 
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than the strength of the reference concretes (with 100% of NA). It can be explained by a much higher influence of 
water demand of RCA on the effective value of w/c ratio. It has been clearly visible in consistency measurements. 
          Table 3. Test results. 
 flow compr. tensile water sorptivity penetr. chloride carb. carb. 
  strength strength absorpt.  depth migr. coef. depth depth 
  fc fct n S D  7 d 14 d 
mix [mm] [MPa] [MPa] [%] [cm/h0.5] [mm] [∙10-12m2/s] [mm] [mm] 
CI-R00 500 45.51 2.82 5.08 0.120 39.45 19.33 4.38 7.00 
CI-R05 475 45.74 2.78 5.29 0.113 74.56 14.96 6.25 7.75 
CI-R10 470 46.98 2.81 5.40 0.116 68.67 16.14 5.50 7.38 
CI-R20 450 52.57 2.95 5.55 0.118 45.09 18.08 6.38 8.75 
CI-R30 445 54.33 3.38 5.67 0.120 114.20 14.50 3.88 5.25 
CI-R50 420 52.07 3.22 5.70 0.119 135.38 13.57 5.13 6.25 
CI-R100 315 49.10 2.65 6.83 0.135 98.64 - 2.75 4.13 
CII-R00 565 46.98 2.88 5.98 0.127 23.22 3.30 5.38 7.25 
CII-R50 495 50.12 3.08 6.51 0.126 26.97 2.75 5.13 6.25 
CII-R75 450 55.10 3.42 7.22 0.138 23.09 2.54 5.13 6.13 
CII-R100 380 54.20 3.47 7.17 0.127 26.60 2.67 4.13 5.38 
3.3. Tensile strength of concrete 
Concrete made with the use of RCA has attained higher tensile strength than concrete without RCA. Though 
the increase has not been so regular as for the compression strength. The highest increase of tensile strength for 
the concretes of the I series has been observed for CI-R30 concrete and it has reached 19.8%. For the concretes 
of the second series the maximum increase has reached 20.3% and has been observed for CII-R100 concrete. It is 
generally stated that replacing natural aggregate with RCA has minor impact on tensile strength values. [5, 6, 7, 8]. 
3.4.  Water absorption of concrete 
Much higher water absorption of RCA influences the water absorption of concrete made with use of it. Increase 
of water absorption for concretes with RCA replacing NA was described e.g. by Çakir [5]. The author observed 
higher influence of RCA on water absorption for concrete with w/c=0.5 and a much higher sand point.  
In case of tested concretes the increase of water absorption for CI-R50 concrete has reached 12.3% and for 
the CII-R50 concrete 8.7%. Water absorption for all tested concretes has exceeded 5%. Although we think that it is 
possible to obtain lower values of absorption for concretes with lower w/c ratio and with the use of good quality 
RCA. Water absorption of concrete has been strongly correlated with water absorption of utilized aggregate 
mixture. Presented in the figure 2 linear functions have been found with the coeffcient of determination 0.9505 for 
the I series of concretes and 0.9082 for the II series. The lines are parallel and it is probably an effect of w/c ratio 
difference. Dependencies mentioned above allow to formulate a conclusion that the influence of w/c ratio on water 
absorption of concrete is as vital as the influence of water absorption of the aggregate and that these two factors are 
independent. Further research is necessary to formulate dependencies that would allow to forecast water absorption 
of concrete with RCA basing on the w/c ratio and water absorption of the aggregate. 
3.5. Depth of penetration of water under pressure 
For the concretes of the I series great impact has been observed of low quality RCA on depth of penetration 
of water under pressure. The depth of penetration increase for CI-R30 concrete has been 189.5% and for CI-R50 
concrete it has reached its maximum 243.2%. For the II series concretes depth of penetration of water under 
pressure has been significantly lower and the increase of the penetration depth caused by aggregate exchange 
36   Wojciech Kubissa et al. /  Procedia Engineering  108 ( 2015 )  30 – 38 
has been minor. The maximum increase has been observed for CII-R75 concrete 16.1%. Surprisingly significant 
difference in water penetration depth has occurred between CI-R100 and CII-R100 concrete. It can be explained 
by differences in consistency of the concrete mixture and by usage of different types of cement. It should be 
a subject of further research. Some analogies has been found by Gesouglu [9] who tested concretes made with 
a part of cement exchanged with caolin. Caolin addition caused increase of SiO2 and Al2O3 content at the extense 
of CaO. Result of such partial exchange of the binder is similar to the usage of CEM I cement instead of CEM II 
B-V. No evident correlation has been noticed between water absorption of aggregate and the water penetration 
depth. 
 
 
Fig. 2. Water absorption of concrete due to water absorption of aggregate. 
3.6. Sorptivity of concrete 
Sorptivity differences between concretes with RCA and concretes made without it has been minor. 
For concretes of the I series addition of RCA to aggregate mixtures has generally caused decrease of sorptivity 
with maximum value of 6.2% for CI-R5 concrete. The only exception to this general tendency is CI-R100 concrete 
for which sorptivity has risen by 12.5%. For the concretes of the II series there are no significant differences except 
of the CII-R75 concrete for which the sorptivity has increased by 8.7%. It can be stated that w/c ratio influences 
sorptivity much more than the aggregate quality. For concretes of the I series, which has w/c = 0.45, sorptivity is 
lower despite of much poorer quality of the aggregate. Almost all tested concretes from the I series, except 
CI-R100, are within the scope "very good" according to the protective quality of concrete classification presented 
in [10, 11]. Concretes of the II series are in the scope "good" according to Kubissa [11] and in the scope "very 
good" according to Basheer [10] except CII-R75 which is only "good". 
3.7. Chloride migration coeffcient of concrete 
For concretes of the I series the results show that the value of chloride migration coeffcient for the concretes 
with addition of RCA is lower than for concrete without it. The highest decrease has been observed for CI-R50 
concrete and has been 29.8 %. However, comparison of these results with limit values given in [12] demonstrates 
that values for all concretes are near the border of the "Acceptable" range. Much higher influence of cement type 
and fly ash addition has been observed than the aggregate quality and type. For the concretes of the II series 
decrease of chloride migration coeffcient has been observed for concretes with RCA. The highest decrease has 
been 23.0% and it has been observed for CII-R75 concrete. Although all concretes from this series can be qualified 
to a "Good" range. The same tendency of reduction of chloride migration in case of using cement or concrete with 
fly ash or fine pozzolanic additives has been observed in [13, 14, 15, 16] for Class F fly ash. 
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3.8. Carbonation depth of concrete 
For the I series some increase of carbonation depth has been observed for the concretes with lower addition 
of  CA (up to 30%). The highest increase after 7 days of the test has been recorded for CI-R5 and CI-R20 concrete: 
42.9% and 45.7% respectively. After 14 days of testing the differences have become smaller e.g. 10.7% for CI-R5 
concrete. Concretes with a higher share of RCA in aggregate composition have shown lower carbonation depth 
than concretes made without RCA. The highest decrease of depth has been recorded for CI-R100 series. After 7 
and 14 days of the test it has been 37.2% and 41.1% respectively. For concretes of the II series which has been 
made with an aggregate of improved quality, carbonation depth has decreased in all cases. The highest decrease 
has been recorded for CII-R100 concrete. It has been 23.3% and 25.9% after 7 and 14 days respectively. Similar 
positive influence of RCA on resistance of concrete to carbonation has been described i.e. in [17, 18]. 
4. Summary and conclusions 
It has been proved that RCA can be used as a valuable ingredient of concrete mixtures and can improve some 
of its properties. RCA addition to a natural aggregate that does not fulfill requirements of gradation is an easy 
and efficient method of improving its quality and enables utilizing it in concrete manufacturing. Recycled concrete 
aggregate used in air-dry state as a replacement of a maximum 50% of natural aggregate can be utilized without 
any additional technological means and changes in concrete mixture composition. Some minor consistency 
changes are expected. Aggregate gradation improvement with the use of RCA enables obtaining higher 
compression strength. High correlation has been observed between water absorption of utilized aggregate 
and water absorption of concrete. Despite higher values of water absorption of concrete made with RCA it is 
possible to precisely forecast this property of concrete. Concretes with poor quality RCA show very high 
penetration depth of water under pressure and cannot be used when waterproof concrete is necessary, but utilizing 
RCA of good quality can assure the demanded water resistance of concrete. 
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